N-(2,4-Dichloro)-salicylaldimine was synthesized, characterized by elemental analysis, FT-IR, and UV-visible spectroscopy, and its crystal structure was determined. The title compound is almost planar and contains short intramolecular O-H. . . N hydrogen bonds [O1-N1 2.601(1)Å]. It remains transparent in the visible region and has solvatochromic behavior in the UV region in the range 198 -349 nm, implying non-zero microscopic first hyperpolarizability. The ab-initio quantum mechanical calculations (finite field second-order Møller Plesset perturbation theory) of the studied compound have been carried out to compute the electric dipole moment (µ µ µ) and the first hyperpolarizability (β β β ) values. The ab-initio results also show that this ligand might have microscopic nonlinear optical behavior with non-zero values.
Introduction
Over the past decade, due to its applications in optical communication and processing, quadratic nonlinear optical (NLO) behavior has attracted interest of a large number of researchers in the search of materials with large microscopic and macroscopic quadratic NLO response [1, 2] . Progress has been made in finding new organic molecules with large second-order polarizability, β β β . Among the materials producing NLO effects, organic materials are of considerable importance owing to their synthetic flexibility large hyperpolarizabilities, ultra-fast response times, and high laser damage thresholds, compared to inorganic materials. Schiff base compounds have been investigated during the last years because of their potential applicability in optical communications, and many of them have NLO behavior [3] . The aim of our present paper was to characterize newly synthesized Schiff base ligands having donor hydroxy and acceptor chloro substituents ( Fig. 1 ) with several spectroscopic and crys-0932-0784 / 05 / 0500-0376 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tallographic techniques, and to compute the electric dipole moment µ µ µ and first hyperpolarizability β β β of this compound by ab-initio finite field second-order Møller Plesset perturbation (FF MP2) method. Our interest is not only to predict µ µ µ and β β β values of N-(2,4-dichloro)-salicylaldimine, but also to relate the microscopic NLO mechanism with the structural and linear optical (UVvisible) properties.
Experimental

Reagent and Techniques
2-Hydroxy-1-salicylaldehyde, 2,4-dichloroaniline, ethanol and CDCl 3 were purchased from Merck (Germany), methanol and acetonitrile from Aldrich Chemical Co. The elemental analysis was performed on a LECO CHNS-932 C-, H-, N-analyser. Infrared absorption spectra were obtained from a Mattson 1000 FT-IR spectrometer in KBr pellets and reported in cm −1 . UVvisible spectra were measured using a Perkin Elmer Lambda 2 series spectrophotometer. 
Preparation of N-(2,4-Dichloro)-salicylaldimine
The title compound was prepared by condensation of 2-hydroxy-1-salicylaldehyde (0.01 mol) and 2,4-dichloroaniline (0.01 mol) in 150 ml of ethanol. The reaction mixture was stirred for 6 h, and then placed in a freezer for 24 h. The yellow precipitate was collected by filtration and then washed with cold ethanol: M.p. 89.5 • C; yield: 2.11 g (89%). 
X-Ray Structure Determination
The data collection was performed on an EnrafNonius diffractometer employing graphite-monochromatized Mo-K α radiation (λ = 0.71073Å). Details of the X-ray data, structure solution and struc- ture refinement are given in Table 1 . Data reduction and corrections for absorption and crystal decomposition (1.2%) were carried out using the MoIEN Single Crystal Structure Analysis Software [4] . The structure was solved by SHELXS-97 and refined with SHELXL-97 [5] . The positions of H atoms bonded to C atoms were calculated (C-H distance 0.93Å) and included in the structure factor calculation using a riding model. The hydroxy H atom H1 was found from a difference Fourier map calculated for the refinement process as a small positive electron density. Some selected bond distances and angles are listed in Table 2 , and an OR-TEP view of the molecular structure is given in Figure 
Theoretical Calculations
As the first step of our ab-initio calculation of the investigated compound, the geometry taken from the starting structures based on its crystallographic data in Table 2 was optimized in the HF (closed-shell restricted Hartree-Fock) level. Then the electric dipole moment and β β β tensor components were calculated by using the FF MP2 method at the 3-21+G * * polarized and diffused basis set level, which has been found to be more than adequate for obtaining reliable trends in the first hyperpolarizability values. All µ µ µ and β β β calculations were performed using GAUSSIAN98W [6] , on an Intel Pentium IV 1.7 GHz processor with 512 MB RAM and Microsoft windows as the operating system.
We report β tot (total first hyperpolarizability) for the synthesized molecule. The components of the first hyperpolarizability can be calculated using the equation
Using the x, y and z components, the magnitude of the first hyperpolarizability tensor can be calculated by:
The complete equation for calculating the magnitude of the first hyperpolarizability from the GAUSSIAN98W output is
To calculate all the electric dipole moments and first hyperpolarizabilities (x, y, z) = (0, 0, 0) was chosen for the center of mass of the compound.
Results and Discussion
FT-IR Study
The observed vibrational bands in the range 749 -3691 cm −1 are illustrated in 
UV-visible Spectroscopy
Electronic absorption spectral studies of compounds in solution, designed to possess NLO properties, are important for two reasons. Firstly, it is necessary to know the transparency region. Secondly, the solvatochromic behavior of the sample is generally considered as indicative of high molecular first hyperpolarizability [8] . The NLO properties and UV-visible studies of push-pull ferrocene complexes containing heteroaromatic rings in the conjugation chain were investigated by Justin Thomas et al. [8] . High bathochromic shift, generally considered as indicative of high β β β values, and hence potential NLO properties have been observed in dichloromethane. Di Bella et al. [9] have reported that the bis(salicylaldiminato) nickel(II) compound exhibits interesting linear optical spectroscopic features which will be seen to be related to the secondorder NLO response. The optical absorption spectrum (> 280 nm) of archetypical Ni (salen) consists of two overlapping principal features assigned to two different types of transitions. There is a broad band in the region between 300 and 360 nm involving mainly π → π * transitions, and a relatively intense structure in the 400 -480 nm region. The band at around 400 nm exhibits a solvatochromic shift, characteristic of a large dipole moment, and frequently suggestive of a large hyperpolarizability. Moreover, a negative solvatochromism, i. e. a hypsochromic shift is observed, thus indicating a reduction of the dipole moment upon electronic excitation.
To determine the transmission range and hence to know the suitability of the title compound for microscopic nonlinear optical applications, the UV-visible spectra have been recorded by using the spectrometer in the range of 190 -1100 nm. The optical absorption spectra for the investigated compound in dimethylsulfoxide (DMSO), methanol, chloroform polar solvents, and in an n-hexane nonpolar solvent are illustrated in Figure 4 . Table 3 shows the maximum absorption wavelengths (λ ) and molar extinction coefficients (ε) obtained from the UV-visible spectral analysis of N-(2,4-dichloro)-salicylaldimine in all the solvents which are able to dissolve the synthesized molecule. All the absorption bands of the studied compound lie in the UV region. Hence the recorded spectrum shows good transparency in the visible region, which might enable the achievement of microscopic NLO response with non-zero values [2] . All absorption bands are to be assigned to π → π * transitions ( Table 3 ). The β β β values computed here might be correlated with the UV-visible spectroscopic data in order to understand the molecular structure-NLO property relationship in view of a future optimization of the microscopic NLO properties of the investigated ligand. Therefore the validity of the FF MP2 approximation used in all computations might also be illustrated by analyzing the relationship between calculated values of β β β and measured values of λ . The synthesized compound exhibits solvatochromism, i. e. its maximal absorption peaks show bathochromic behavior with band shift < 400 nm, generally considered as indicative of non-zero molecular first hyperpolarizabilities. The red shifts in absorption are also accompanied by non-zero upward shifts in all β β β components (see Tables 3, 4 ).
Description of the Crystal Structure
In 2-hydroxy Schiff base ligands, short hydrogen bonds are observed between the 2-hydroxy group and the imine nitrogen atom. Sometimes the hydrogen atom from the phenol group is completely transferred to the imine nitrogen. Clearly, the enol tautomer accurs more often than the keto form. This is evident from the observed C13-O1 bond distances of 1.332(1)Å, which are consistent with a single bond, and the N1=C7 bond distances of 1.275(1)Å, which are indicative of a double bond. The structure of the synthesized compound is the same in the solid state and in solution. In conclusion, FT-IR and X-ray results show that N-(2,4-dichloro)-salicylaldimine exists in the enol form.
Computational Results and Discussion
One aim of research in NLO behavior might be to synthesize materials with useful NLO properties for specific applications. The value of β β β of the constituent molecules is essential for a structure-based understanding of molecules. Molecules containing conjugated π-electron systems with charge asymmetry exhibit large values of β β β . The largest values occur when the molecule contains substituents that induce asymmetry in the charge distribution of the molecule [3] . Organic molecules with remarkable nonlinear activity mostly contain a π-electron conjugated moiety with an electron donor group and an acceptor group at the ends of a conjugated structure. The donor and acceptor groups provide the infrastructure to introduce the charge asymmetry required for second-order nonlin-earity. Therefore, for designing new organic materials such as NLO Schiff base ligands one has to investigate the effect of donor/acceptor substituents on the second-order nonlinearity of these compounds. The computational approach allows to determine molecular NLO properties in an inexpensive way. The microscopic nonlinear response in organic molecules, especially ab-initio MP2 calculations, allow a relatively accurate prediction of the NLO activity [11, 12] . The Schiff base system studied here has donor a hydroxy (-OH) group at ortho positions and two acceptor chloro (-Cl) substituents at ortho and para positions. We have calculated the electric dipole moment µ µ µ and the first hyperpolarizabilities β β β of the investigated ligand. In the Schiff bases, the valence orbitals of the nitrogen atom are the hybridized sp 2 , with the orbitals of the nonbonding pair of electrons being coplanar with the bonding orbital [13] . This lone-pair orbital has a comparatively large electron density, is markedly polar, and thus aids in the formation of a strong intramolecular hydrogen bond between the ortho hydroxyl group and nitrogen, resulting in a 6-membered ring as shown in Figure 1 . The configuration of the orbitals and their electron density play an important role in strengthening the hydrogen bond. Also, the changes in the strength of the intramolecular hydrogen bonds are due to the transmission of inductive and resonance effects from the substituent group to the nitrogen orbital through a number of intermediate atoms. In the case of chloro substitution at the ortho position, there is an orbital-orbital repulsive interaction between the OH bonding orbital and the Cl atom, which may be a major contributor to the small energy of the intramolecular hydrogen bonds formed by it. The nitrogen orbital is ellipsoidal with a small cross-sectional area, while the non-bonding orbitals of the halogen combine to produce a nearly spherical orbital. This electron-rich ortho (-Cl) substituent enhances the donor character of the amino N atom. The substituent is close to the N atom, together with the electron-donating OH on the salicylaldehyde group, and joins the donor-acceptor groups, assuming that strong electronic coupling occurs through the bridge of all separations. With ortho chloro substitution, the resonance effect predominates as compared to the inductive effect. In the case of multiple substituents, the total polar effects may be additive. In the case of disubstitution in one moiety of the Schiff base ligand in which both groups are either electron donating or electron attracting, the polar effects may be additive [13] . In this study, because both disubstituted atoms are the same acceptor (-Cl), it could be thought that the ortho Cl substituent together with the para Cl substituent might yield microscopic NLO behavior with a non-zero value. With great possibility the intramolecular hydrogen bond between O1 and N1 atoms of the synthesized compound here affects the non-zero β tot value given in Table 4 . Many organic compounds crystallize in a centrosymmetric fashion, in which case the crystals do not exhibit macroscopic second-order nonlinearity. The centrosymmetric nature of the crystal structure of the investigated compound suggests no macroscopic NLO behavior in the bulk phase. However, this compound is a polar molecule having non-zero dipole moment components (Table 5 ), and such compounds may have large microscopic first hyperpolarizabilities, and hence may have microscopic NLO behavior [14] .
The higher dipole moments are associated, in general, with even larger projections of β tot quantities. The dipoles may oppose or enhance one another, or at least bring the dipoles the required or out of the required net alignment necessary for NLO properties such as β tot values. Several research groups have tried to identify molecules with potentially optimal nonlinearities through the two-level model. For example, Risser et al. [15] used a four-site Hückel model to examine how each of the two-level parameters varies with the electron donating and electron accepting abilities of appended substituents. The β β β responses derived from this model were not optimized with maximal electronic asymmetry to a given bridge structure. The maximum was due to the behavior of non-zero µ µ µ values. One of the conclusions obtained from this work is that nonzero µ µ µ values might permit to find non-zero β β β values. In this study, the first hyperpolarizabilities are computed by the numerical second-derivatives of the electric dipole moments according to the applied field strength in FF approach. There are rather strong relationships among the calculated µ µ µ and β tot values of the compound. Therefore, these µ µ µ values of the compound in Table 5 may be responsible for enhancing and decreasing the β tot values given in Table 4 . It is important to stress that, in these β tot investigations, we did not take into account the effect of the field on the nuclear positions, i. e. we evaluated only the electronic component of β tot . The vibrational contributions which, for conjugated systems, can be important according to the NLO process are left for further investigations. N-(2,4-dichloro) -solicylaldimine is almost planar. The crystals of the synthesized compound have been subjected to FT-IR technique to confirm the presence of the functional groups. It is seen that both spectroscopic studies confirm the functional groups present in this molecule. From UV-visible spectroscopy it is clear that the investigated compound is transparent in the entire visible region and the absorption takes place in the UV range between 198 and 349 nm. Owing to the good transparency in the visible region, it could be said that this ligand might have microscopic NLO behavior with non-zero values. Moreover, it is observed that the maximal absorption peaks of N-(2,4-dichloro)-salicylaldimine exhibit solvatochromism, generally indicating the presence of microscopic first hyperpolarizabilities with non-zero values. The electric dipole moments and the first hyperpolarizabilities of the investigated compound have been calculated by the FF MP2 method with a 3-21+G * * basis set. The ab-initio calculated non-zero µ value of this ligand shows that the synthesized compound might have microscopic first hyperpolarizabilities obtained by the numerical second-derivative of the electric dipole moment according to the applied field strength.
Conclusions
